publicado na web em 21/05/2015 This paper describes the correlation between the phenolic composition and the molecular phylogenetic reconstruction of five Spondias species (Anacardiaceae). Two of these species (S. venulosa and Spondias sp.) occur in rainforest areas and the other three are widely distributed in Brazil (S. dulcis, S.mombin, and S. purpurea). The flavonoid enriched fraction of the S. venulosa leaf extract also underwent a chemical study. The results indicate that the presence of flavonol 3-O-glycosides are a synapomorphic character of the studied American Spondias and the production of rhamnetin 3-O-rutinoside is a synapomorphy of the Atlantic forest species. This is the first report of flavonoids in S. venulosa, an endemic species from the Brazilian Atlantic rainforest.
INTRODUCTION
Anacardiaceae is a pantropical flowering plant family of 800 species distributed in 82 genera of which ca. 70 species belonging to 15 genera occur in Brazil. Fruits or parts of fruits of many Anacardiaceae species are edible and are important products in the food industry, such as cashew (Anacardium occidentale L.), mango (Mangifera indica L.), cajá (Spondias spp.), umbu (Spondias tuberosa Arruda) and pistachio (Pistacia vera L.). 1 The Spondias genus consists of 18 species distributed in tropical and subtropical areas worldwide, with 9 species occurring in the Neotropics. 2 In Brazil, this genus is represented by six species that dwell in open and dry areas as well as in the interior of humid forests. 3 In addition to the use of Spondias in the food industry, some species have also been used as medicinal plants, such as S. purpurea and S. mombin, which have experimentally demonstrated leishmanicidal, antiviral and anthelmintic effects. 4, 5 A remarkable feature of Spondias species is the occurrence of flavonoids, which are an important class of secondary metabolites in Anacardiaceae. 4 These compounds play a variety of biological roles in plants including defense, UV protection, flower coloring and allelopathy and are also considered important chemotaxonomic markers. 6 Furthermore, their antioxidant and chelating properties are responsible for several human health benefits. 7 Due to the economic potential of Spondias, a number of studies on their morphological development and phenolic characterization have been published. [8] [9] [10] [11] [12] However, no phytochemical studies of the leaves have been performed yet. In addition, there are no currently identified synapomorphies for Brazilian Spondias species. Therefore, this work describes a phytochemical study of a flavonoid enriched fraction from the leaves of S. venulosa, an endemic species from the Brazilian Atlantic rainforest and the phenolic profile of five representative Spondias species: S. dulcis, S. mombin, S. purpurea, S. venulosa and Spondias sp. Moreover, we estimate the phylogenetic relationships of these species based on molecular markers to understand the evolution of flavonoid occurrence along these lineages, which also contributes to the understanding of the systematics of the group. 1 H and 13 C 1D and 2D nuclear magnetic resonance (NMR) spectroscopy were recorded at 500 MHz ( 1 H) and 125 MHz ( 13 C) on a VNMRSYS-500 Varian® spectrometer using TMS as an internal standard and DMSO-d 6 as a solvent. All ESI mass spectra were acquired using a Micromass®/Waters triple-quadrupole spectrometer (ZQ-4000). The instrument was operated in negative ion mode with the following electrospray conditions: capillary voltage 3 kV, cone voltage 40 V, extraction cone 1 kV, tube lens 1 kV, source temperature 150 ºC and desolvation temperature 300 ºC. The reversed-phase analytical HPLC method was developed on a Shimadzu LC system using a Waters Symmetry C18 column (5 µm, 4.6 mm x 250 mm) with a diode array detector (SPD-M10Avp). The following linear gradient was employed with a flow rate of 1 mL min -1 : Solvent A = 0.1% formic acid in water (v/ v); solvent B = methanol, elution profile = 0-55 min, 5-70% B, 55-58 min, 70-100% B and 58-68 min, 100-5% B. The UV chromatograms were recorded at 254 and 365 nm.Column chromatography procedures were performed on Sephadex LH-20 (PHARMACIA ® ) and Amberlite XAD-2 (Sigma-Aldrich). For thin layer chromatography (TLC), silica gel 60 F 254 plates from Merck (20 x 20 and 0.30 mm thickness) were used. TLC was observed under a UV lamp (254 and 365 nm) and visualized using (NP/PEG) reagent, diphenylboric acid 2-aminoethyl ester/ polyethylene glycol, under 365 nm.
EXPERIMENTAL

General experimental procedures
Plant material
All samples analyzed were obtained between 2010 and 2012 in fragments of the Atlantic forest in Espírito Santo and Rio de Janeiro and identified by the Dr. Cassia Mônica Sakuragui. The material was deposited in RFA and RB with duplicates sent to NY herbarium (Table 1) . For the phylogenetic analysis the species used as outgroups were from the Burseraceae family: Protium glaziovvi and Tetragastris sp.
Extraction and isolation of flavonoids from Spondias venulosa
Air-dried leaves (300 g) of S. venulosa were ground and extracted with 80% MeOH at room temperature by static maceration over 7 days. After concentration under reduced pressure the extract was then partitioned sequentially in three different solvents, CH 2 Cl 2 (2.0 g), EtOAc (5.0 g) and BuOH (6.3 g). All fractions were analyzed by TLC using BuOH: AcOH: H 2 O (40:10:50, v/v) as the solvent system, the TLC chromatograms were visualized using NP/PEG reagent and UV light (365 nm). Two grams of the n-BuOH extract, enriched in flavonoids, was applied to a XAD-2 column (id/h = 3 cm/50 cm) and chromatographed in a stepwise gradient with H 2 O:MeOH (9:1/0:10, v/v). Each combination of solvents was eluted through the column and fractions of 300 mL were collected. Ten fractions were obtained and analyzed by TLC. The fractions eluted with 50% to 80% MeOH were taken together (100 mg Figure 1c ) were obtained. All compounds were identified by a combination of spectroscopic methods ( 1 H, 13 C NMR, ESI-MS) and compared with data from the literature. 11, 12 Phytochemical analyses of Spondias Air-dried leaves (100 g) of five Spondias species (Spondias sp, S. venulosa, S. purpurea, S. dulcis and S. mombin) were submitted to the same extraction procedure as described above for S. venulosa.
After concentration under reduced pressure, methanol extracts were analyzed by HPLC-DAD with co-injection of two flavonoids previously isolated from S. venulosa (Rhamnetin 3-O-rutinoside and quercetin 3-O-rutinoside). Mobile phase (1 mL min -1 ) based on H 2 O: MeOH gradient (0 min = 5%B, 55 min = 70%B, 58 min = 100%B in 73 min) was used with UV detection focused at 254 and 365 nm.
DNA extraction, amplification and sequencing
Genomic DNA was extracted from approximately 1.0g of leaf fragments preserved in silica using the QIAGEN DNeasy Blood & Tissue kit. Amplification of ETS and 18S was performed with the primers listed in Table 2 . 13, 14 PCR products were purified with an ExoSAP-IT kit and were automatically sequenced with the same sets of primers used for PCR reactions. The accession number information is included in Table 1 .
Alignment and phylogenetic analysis
Both markers were individually aligned using MUSCLE and manually adjusted in SeaView. 15, 16 Phylogenetic analyzes were performed with the maximum likelihood method using PhyML 3.0 with bootstrap values based on 1000 replicates. 17 The best-fit evolutionary model was estimated using the Akaike information criterion (AIC). As the trees based on the two markers produced similar topologies, the sequences were concatenated and a third tree was used to map the occurrence of flavonoids.
RESULTS AND DISCUSSION
The n-BuOH fraction obtained from Spondias venulosa leaves was fractionated using column chromatography and the isolated compounds 1a (quercetin 3-O-b-D-rutinoside), 1b (rhamnetin 3-O-b-D-rutinoside) and 1c quercetin 3-O-[a-rhamnopyranosyl-(1-2)-arhamnopyranosyl-(1-6)-b-glucopyranoside gave positive phenolic reaction with NP/PEG reagent in TLC. 18 The molecular formulae for the isolated compounds were established based on negative ESI -MS data [M-H]at 609 .2 (1a), 623.3 (1b) and 755.3 (1c) .
The 1 H and 13 C NMR spectra for both compounds (Figure 1a with the linkage position at C-3 determined by the HMBC correlation and characteristic chemical shifts (Table 3) . 11 The molecular formula for quercetin 3-O-[a-rhamnopyranosyl-(1-2)-a-rhamnopyranosyl-(1-6)-b-glucopyranoside ( Figure 1c ) was established as C 33 H 40 O 20 based on MS data [M-H]at 755.3 and on analyses of the 1 H (1 and 2D) and 13 C NMR spectra. The 1c flavonoid has also certain signal resemblance within the 1 H NMR to compound 1a (Table 3) however it is possible to observe the presence of one extra rhamnosyl moiety attached at C-2 '' of the glucopyranoside. That linkage position was determined after HMBC correlation between the rhamanosyl anomeric hydrogen at δ H 5.03 (sl) and the C-2''' (δ C 77.8). Furthermore, the observed NOESY correlations between the B-ring hydrogens (H-2'' and H-5'') and the methyl rhamnopyranoside hydrogens δ H 0.78 (3H, d, J = 6.1 Hz) strongly support that statement. All other NMR chemical shifts (Table 3) were similar to the literature data. 12 Phylogenetic reconstruction of Spondias was conducted using the GTR model (Figure 2 ). S. dulcis was recovered as the sister group of the other sampled Spondias species, which is in agreement with previous molecular phylogenetic analyzes. 1 S. mombin and S. purpurea are mainly found in open habitats, such as cerrados and restingas. 3 S. venulosa and Spondias sp. are endemic to the Brazilian Atlantic rainforest and were shown as being the most derived taxa among the sampled species. All the analyzed species showed a similar phenolic composition with the major presence of flavonol O-glycosides, but without detection of the respective aglycones, which is consistent with previous information for S. purpurea peels. 4 Quercetin 3-O-rutinoside was the main phenolic constituent in the studied Spondias species, except for S. dulcis. Quercetin 7-O-methoxylated derivative (rhamnetin 3-O-rutinoside) was present in large amounts only in the two species native to the Atlantic forest. The mapping of flavonoid occurrence on the phylogenetic tree is presented in Figure 3 , with the thicker branches representing the major occurrence of rutin in the analyzed species. Although all the studied species occur in Brazil, S. dulcis was introduced from Asia and S. purpurea was introduced from the American continent. Thus, major rutin occurrence can be considered a character shared by the American Spondias species studied. These results indicate that major production of flavonol 3-O-glycosides is a synapomorphy of the American Spondias species and that the occurrence of rhamnetin 3-O-rutinoside can be a synapomorphic character of the Atlantic forest species.
This study is the first phytochemical study of leaves of S. venulosa, an endemic species from the Atlantic rainforest. Flavonol 3-O-glycosides were isolated in S. venulosa and detected in leaves of four additional representative Spondias species. The presence of such flavonoids can be considered a synapomorphic character of the Brazilian Spondias clade. The occurrence of rhamnetin 3-O-rutinoside in combination with phylogenetic data provides evidence for the separation of the two Atlantic forest species in a distinct clade, which is important for further chemosystematic and phylogenetic studies of this genus.
SUPPLEMENTARY MATERIAL
1 H, 1D, 2D NMR, 13 C, UV and MS spectra of compounds 1a-1c and HPLC/DAD chromatograms are available free of charge at http:// quimicanova.sbq.org.br as a PDF file. 
